Lyme borreliosis (LB), the most common tick-borne disease in temperate regions of the northern hemisphere, is caused by infection with spirochetes belonging to the Borrelia burgdorferi sensu lato (Bbsl) complex [1, 2] . Only B. burgdorferi sensu stricto strains (hereafter referred to as Bb) have been found in North America, whereas the most common cause of the illness in Europe is Borrelia afzelii (Ba) followed by Borrelia garinii (Bg) and then Bb. The basic course of the disease is similar worldwide, but there are regional variations, primarily between the illness in America and Europe.
In both locations, the disease usually begins with a characteristic skin lesion termed erythema migrans (EM), and after weeks, patients may develop acute Lyme neuroborreliosis (LNB) [1, 2] . The major differences are in late manifestations of the disease. In untreated patients in the northeastern United States, arthritis with intense joint inflammation is a frequent late manifestation of the disease [3] . Moreover, a small percentage of these patients have persistent proliferative synovitis in joints for months to years after treatment with 2-3 months of oral and intravenous antibiotic therapy, termed antibiotic-refractory arthritis [4] . In contrast, arthritis occurs infrequently in Europe and, when present, it is often associated with minimal joint swelling [2] . Acrodermatitis chronica atrophicans (ACA), which is usually caused by chronic Ba infection of the skin, is the most common late manifestation of the disease in Europe [5] . However, this feature of the illness has not been found definitively in America [1] .
In some patients, arthritis or ACA is the presenting manifestation of the infection, and early stages of the illness are asymptomatic.
Lyme borreliae are maintained in nature in an enzootic life cycle that involves a vertebrate host and an Ixodes tick vector [6] . Differential expression of genes involved in tick and mammalian host colonization is a hallmark of virulence regulation in these pathogens [7, 8] . A deficiency in critical components of this regulatory pathway renders the spirochetes noninfectious in mammals [7, 8] . Genes required for tick colonization are often turned off during mammalian infection, and vice versa [7, 8] . For example, outer surface protein A (OspA) is required for spirochetal survival in ticks but not for infectivity in mammals [9, 10] . Thus, the expression of this protein is markedly downregulated in response to mammalian host-specific signals [11, 12] . As a result, mice infected with Bb through tick infestation, either naturally or experimentally, are not exposed to OspA and do not make antibodies to this protein [13, 14] .
In America, antibodies to OspA, although found rarely in patients with EM, are frequently present in patients with Lyme arthritis (LA) [15] [16] [17] . About 60%-70% of American patients with LA develop antibody responses to OspA, and these responses are often higher in patients with antibiotic-refractory arthritis [18] . Because of the low spirochetal burden in joints, even prior to antibiotic therapy, and because synovial tissue has only been available after treatment [19] , spirochetal gene or protein expression in joints cannot be measured directly and must be implied from the host immune response. Therefore, it is assumed that the spirochetes in LA patients who have antibody responses to OspA must express this tick-specific protein in inflamed joints. However, it has been unclear whether OpsA is expressed in patients with other manifestations of LB, whether other tick-specific Bb proteins may be upregulated as well, or whether this happens with infection with all Bbsl genospecies or only with Bb genotypes found in the northeastern United States.
To answer these questions, we analyzed serum samples from American and European patients with a range of LB manifestations for antibody responses to OspA, Borrelia iron-and copper-binding protein A (BicA) [20] , and OspD. These antigens are representative of tick-specific Bb antigens because their functions are not required during mammalian infection and their expression is significantly repressed in the mammal [10-12, 21, 22] . Like OspA, BicA (encoded by chromosomal gene bb0690 and also known as NapA for neutrophil-activating peptide A) has been shown to play an important role in spirochetal survival in the tick [22] . Similar to the situation with OspA, antibodies to BicA were noted in 13 (48%) of 27 American patients with LA [23] . OspD was included in our analysis because its expression is the most significantly repressed in the mammal of all tick-specific proteins [11] , even though this protein is not present in all Bb strains and appears to play only a marginal role in tick colonization [21] . We found that American patients with LA in the northeastern United States, regardless of the infecting Bb genotype, commonly developed antibody responses to these tick-specific Bb antigens. However, these responses were detected only at low levels in a few European patients with late disease manifestations and rarely in patients with early disease in either location.
METHODS

Patient Samples
The study patients from America, all of whom came from the northeastern United States, met the criteria of the Centers for Disease Control and Prevention for the diagnosis of Lyme disease [24] . The human investigations committees at Tufts Medical Center (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) and Massachusetts General Hospital (MGH; 2002-2008) approved the protocols, and study participants provided written informed consent.
In this study, we included serum samples from 63 patients with antibiotic-responsive arthritis and 62 patients with antibioticrefractory arthritis who were seen from 1987 to 2008, the year that we began to treat patients with antibiotics according to guidelines now recommended by the Infectious Diseases Society of America [25] . Patients with responsive or refractory arthritis had joint inflammation for a median duration of 1 month after the onset of arthritis. Serum samples from patients with responsive arthritis were obtained prior to or near the initiation of antibiotic therapy, whereas those from patients with refractory arthritis who were usually referred because of lack of response to 1 or more courses of antibiotics were obtained a median duration of 3 months after the start of antibiotics.
For comparison, convalescent serum samples from 25 culturepositive patients with EM, acute serum samples from 15 patients with LNB, and serum samples from 30 healthy donors at the MGH blood bank were also tested. In an effort to correlate OspA antibody reactivity with Bb genotype, serum samples from 45 patients with LA seen from 1976 through 2006 in whom it was possible to determine the genotype of the infecting Bb strain by polymerase chain reaction (PCR) and restriction fragment length polymorphism (RFLP) analysis were also analyzed [26] .
For comparison with European LB, serum samples were obtained from patients seen in the Outpatient Lyme Borreliosis Clinic at the University Medical Center, Ljubljana, Slovenia. The Medical Ethics Committee of the Ministry of Health of the Republic of Slovenia approved the approach. Acute-phase serum samples from 20 patients with EM, 18 patients with LNB, 20 patients with LA, and 20 patients with ACA were tested. These patients met European criteria for LB [27] . Borrelia culture were performed routinely in patients with EM, ACA, or LNB [28] but not in patients with LA.
Bb Antigens
The whole-cell lysate was prepared using Bb type strain B31 (infectious clone 5A11) [22] , which was cultured in the BSK-H complete media (Sigma-Aldrich) to early stationary phase. Recombinant OspA, BicA, and OspD proteins were expressed and purified using the glutathione S-transferase (GST) Gene Fusion System (GE Healthcare), as described previously [21, 22] . DNA fragments encoding OspA, BicA, and OspD were PCRamplified from genomic DNA of Bb type strain B31. Expression and purification of the GST fusion proteins and enzymatic removal of the GST tag were performed according to the manufacturer's instructions. Protein concentrations of all antigen preparations were determined using the Bradford reagent (Bio-Rad).
Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assay was performed in 96well flat-bottom Immulon 1B plates (Thermo Scientific) according to a standard protocol [29] . Briefly, the plates were coated with antigens at a concentration of 2 μg/mL. Human serum samples were assayed at a 1:400 dilution. The secondary antibody (goat anti-human immunoglobulin (Ig)G conjugated with horseradish peroxidase; Kirkegaard & Perry Laboratories) was used at a 1:1000 dilution. On each plate, a series of 2-fold dilutions of a positive human serum sample with known titer was included as a positive control, and the same 8 samples from healthy subjects were included as negative controls. The mean value plus 3 standard deviations of the group of 8 normal controls was set as the cutoff absorbance (the zero on each graph).
Data Analysis and Statistics
The software GraphPad Prism 5 for Windows (version 5.01) was used for statistical and graphical analyses. All reported P values are 2-tailed. P values < .05 are considered statistically significant. The statistical test for each P value is indicated in the text.
RESULTS
Antibody Responses to Bb Lysates and Tick-Specific Bb Antigens in LB Patients
In LB patients from the northeastern United States and in those from south-central Europe, IgG antibody levels to Bb lysates and the percentage of patients with positive responses increased with the duration of infection ( Figure 1A) . In both locations, patients with EM had the lowest percentage of positive responses and the lowest median responses; reactivity was greater in those with LNB, and the highest responses were seen in those with late manifestations of the disease, LA or ACA. With each manifestation of the infection, the antibody levels to Bb lysates and the percentages with positive responses were similar in patients from America and Europe. However, American patients with antibiotic-refractory arthritis had significantly higher levels than those with antibiotic-responsive arthritis (P = .02, Mann-Whitney test).
In contrast with the responses to Bb lysates, antibody responses to OspA, a spirochetal protein expressed primarily in the tick, were found almost exclusively in American patients with LA ( Figure 1B) . Of the 125 patients tested, 65% with antibiotic-responsive arthritis and 73% with antibiotic-refractory arthritis had IgG antibody reactivity with OspA, and the levels were significantly greater in those with refractory arthritis (P = .03, Mann-Whitney test). In contrast, only 1 American patient with EM had low-level reactivity and only 2 European patients with LA had low-level responses to this protein.
A similar picture was observed with the antibody responses to BicA, another spirochetal protein preferentially expressed in the tick ( Figure 1C ). Among American patients with LA, 71% with antibiotic-responsive arthritis and 82% with antibioticrefractory arthritis had IgG antibody responses to BicA, and the levels were significantly greater in those with antibiotic-refractory arthritis (P = .007, Mann-Whitney test). In contrast, only 2 European patients with ACA had low-level responses to this protein, and reactivity was not found in patients with early manifestations of the disease in either America or Europe.
An IgG antibody response to OspD, the remaining tickspecific Bb antigen tested, was only detected in 7 of 63 (11%) American patients with antibiotic-responsive arthritis and in 14 of 62 (22%) patients with antibiotic-refractory arthritis, a trend of possible significance (P = .1, Fisher exact test). Given the low percentage of positivity seen in American patients with LA, we did not determine whether American patients with early manifestations of the disease or European patients had responses to OspD.
Among the 125 American patients with LA, the responses to the tick-specific Bb antigens often occurred together. There was a direct correlation between antibody responses to OspA and BicA (Spearman r = 0.42, P < .001), to OspA and OspD (Spearman r = 0.21, P = .02), and to BicA and OspD (Spearman r = 0.25, P = .004). Furthermore, 18 of the 21 (86%) serum samples that were positive for OspD antibodies were also positive for both OspA and BicA antibodies, whereas only 54 of the 104 (52%) serum samples that were negative for OspD were positive for both OspA and BicA antibodies (P = .004, Fisher exact test).
Lack of Correlation Between Antibody Responses and Bb Genotype
There is emerging evidence that certain Bb genotypes found in American LB patients are more pathogenic than others [26, [30] [31] [32] . Therefore, to investigate whether antibody responses to tick-specific proteins occurred more often with particular Bb genotypes, we tested serum samples from 45 American LA patients in whom the genotype of the infecting Bb strain had been previously determined [26] . Among the 45 patients, 15 were infected with ribosomal RNA intergenic spacer type 1 (RST1) strains, 25 with RST2 strains, and 5 with RST3 strains. However, the levels of antibody to Bb lysate, OspA, or BicA were similar among the 3 Bb genotypes (Figure 2) . These data suggest that regardless of their genotypes, the Bb strains in the northeastern United States are able to upregulate or derepress OspA and BicA expression. There was a statistically significant increase over time in the antibody response to BicA (Spearman r = 0.5, P = .0005; Figure 3 ). Although there was a similar trend for the responses to Bb lysate (Spearman r = 0.25, P = .09) and OspA (Spearman r = 0.25, P = .1), the differences were not statistically significant. Moreover, the antibody levels to BicA were much higher after 1983 than before that time (median: 0.8661 vs −0.0004; P = .0003, Mann-Whitney test), which was not the case for Bb lysate or OspA. Thus, there appeared to be differential factors in the induction of OspA or BicA expression in American LA patients.
DISCUSSION
Consistent with previous analyses [18, 23] , we show that 65%-82% of American LA patients from the northeastern United States had IgG antibody responses to OspA and BicA, Bb antigens that are expressed primarily in the tick but not in the mammalian host. In contrast, only a few European patients with LA or ACA had low-level responses to either of these antigens. In addition, 11%-22% of American LA patients also developed antibody reactivity with OspD. The infrequent response to OspD may be attributed, in part, to the fact that not all Bb isolates have the ospD gene or the lp38 plasmid carrying this gene [33, 34] . Nevertheless, in American LA patients, we found that antibody responses to these 3 representative tickspecific Bb antigens often occurred together.
Since testing was done with recombinant proteins based on the sequence of Bb type strain B31, an American isolate, we considered whether the near lack of responses to OspA or BicA in European patients may be due to sequence variations in these proteins. However, the amino acid sequence of BicA is 99% identical among different Bb strains and is 88%-92% identical and 93%-94% homologous between Bb and Bg or Ba [35] [36] [37] [38] . The amino acid sequence of OspA is 99% identical among different Bb strains and is 77%-80% identical and 86%-90% homologous between Bb and Bg or Ba [35] [36] [37] [38] . Although sequence variations in OspA can be distinguished by monoclonal antibodies, human patients develop polyclonal antibody responses to multiple epitopes of OspA [17] . Therefore, these small differences in sequences are unlikely to explain the marked differences in OspA reactivity between American and European patients.
There are several possible explanations for antibody responses to tick-specific Bb antigens in LB. First, we have previously shown that antibody responses to OspA and OspB, which are closely related proteins, are the last to develop [16, 39] , suggesting that spirochetes may express these proteins only after prolonged infection. However, in the current study, European patients with ACA, which also occurs months to years after the onset of infection, rarely had antibody responses to these tickspecific antigens, implying that it is not simply the duration of the infection that leads to spirochetal expression of these proteins. Since American patients in our study were almost exclusively of European heritage, it is likely that genetic variations in spirochetes, rather than host factors, account for these differences in antibody reactivity.
In an effort to address this issue, we examined a subset of American LA patients in whom the Bb subtype of the infecting strain had been previously determined [26] . However, in these patients, the OspA or BicA antibody responses were not significantly different according to the infecting Bb strain. This suggests that derepression of OspA or BicA expression occurs commonly in most or all of the Bb genotypes found in the northeastern United States. In Slovenia, Ba most commonly causes EM and ACA, Bg most frequently causes LNB, and Bb accounts for only 1%-4% of these infections [28] . While the causative Borrelia species were not identified in Slovenian LA patients, each of the 3 pathogenic Bbsl species has been found in European LA patients [40] , although Bb may be relatively more common with this disease manifestation. Regardless, it would appear that the European Bbsl species as a whole rarely upregulate tick-specific proteins during infection.
In its enzootic life cycle, the spirochete upregulates OspA when preparing for entry into an engorging tick [41] . The host neuroendocrine stress hormones, epinephrine and norepinephrine, may play a role in stimulating OspA expression during tick feeding [42] . However, this mechanism would not explain why OspA antibody responses in humans are found almost exclusively in American LA patients. Rather, we think that the marked joint inflammation associated with Bb infection in the northeastern United States is likely to be the major reason for derepression of OspA. Zymosan, a potent inflammatory reagent, induces OspA expression in Bb spirochetes cultivated in dialysis membrane chambers implanted in mouse peritoneal cavities [43] . Moreover, cell culture studies have shown that Bb strains from the northeastern United States have greater inflammatory potential than Ba or Bg strains from Europe [44] .
Genetic differences between Bb and Ba or Bg may also influence how the spirochetes respond to signals that induce or derepress OspA/BicA expression. Pathways for transcriptional regulation of ospA and bicA appear to converge on Borrelia oxidative stress regulator (BosR), a homologue of ferric uptake regulator (Fur). OspA repression in the mammal requires the alternative sigma factor RpoS, and BosR has been shown to bind directly to promoters for rpoS and bicA [7, 8] . The Fur family of DNA-binding proteins is known to sense metals [45] . It will be important to learn whether BosR function in the spirochete is regulated by transition metals and whether BosR regulation varies among Bbsl genospecies.
In addition, there may be mechanistic differences in production of antibodies to OspA and BicA in American LA patients. Over the 30-year period during which serum samples were collected, there was a significant increase in antibody responses to BicA after the introduction of antibiotic therapy for the treatment of LA in 1983, which was not the case with the responses to Bb lysates or OspA. Thus, antibody to OspA, an outermembrane lipoprotein, was found both in antibiotic-treated and non-antibiotic-treated LA patients, whereas BicA, an intracellular metal-binding protein [20] , was found primarily in antibiotic-treated patients. Perhaps antibiotic-mediated killing of spirochetes helps expose cytosolic BicA to host immune recognition. Therefore, while marked inflammation may derepress OspA and BicA, antibiotic treatment seems to be important in further stimulating BicA antibody responses.
Among American patients with LA, the antibiotic-refractory group had higher antibody responses to OspA, BicA, and Bb lysate than the antibiotic-responsive group. Patients in the responsive group were usually seen prior to antibiotic therapy, whereas those in the refractory group were often seen several months after the start of antibiotic therapy. Since antibody responses to Bb typically decline after treatment, these differences in timing would not explain the higher antibody responses in the refractory group. Rather, these high antibody responses are consistent with the exceptionally high Th1 responses observed in the joints of these patients [46] . Host factors, such as a TLR1 polymorphism [47] and certain HLA-DR alleles [48] , have been implicated in these inflammatory responses. For example, as suggested in a transgenic mouse model [49] , the processing of OspA during Bb infection in genetically susceptible human patients, such as those with the HLA-DRB1*0401 allele, may stimulate a particularly strong Th1 response [50] . Thus, spirochetal genetics appear to be critical for the expression of tickspecific proteins, which occurs in patients with both responsive or refractory arthritis; however, host factors may lead to excessive immune and inflammatory responses in the refractory group.
In summary, American LA patients from the northeastern United States often had robust antibody responses not only to OspA but also to other tick-specific Bb proteins. In contrast, these responses were rarely found in patients with early manifestations of the infection, and low-level responses to these proteins were observed in only a few European patients with late manifestations of the disease. We hypothesize that it is primarily differences in the spirochetes that lead to upregulation of the tick transcriptome in LA patients in the northeastern United States. Uncovering the genetic elements in spirochetes that lead to these responses will be important in gaining an understanding of why Bb genotypes in the northeastern United States are particularly arthritogenic.
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